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Abstract
The perfect transmission of charge carriers through potential barriers in graphene (Klein
tunneling) is a direct consequence of the Dirac equation that governs the low-energy carrier
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dynamics. As a result, localized states do not exist in unpatterned graphene, but quasi-bound
states can occur for potentials with closed integrable dynamics. Here, we report the observa-
tion of resonance states in photo-switchable self-assembled molecular(SAM)-graphene hybrid.
Conductive AFM measurements performed at room temperature reveal strong current reso-
nances, the strength of which can be reversibly gated on- and off- by optically switching the
molecular conformation of the mSAM. Comparisons of the voltage separation between cur-
rent resonances (∼ 70–120 mV) with solutions of the Dirac equation indicate that the radius
of the gating potential is ∼ 7±2 nm with a strength ≥ 0.5 eV. Our results and methods might
provide a route toward optically programmable carrier dynamics and transport in graphene
nano-materials.
Keywords: Achromatic molecules, Graphene, atomic microscopy, doping.
Predictions of resonant states in quantum Dirac billiards1 have spurred intense experimental
interest exploring, for example, the quasi-bound states in nano-ribbons2 and the relationship they
have with the classical integrability of the dynamics, as dictated by the geometry.3–7 A variety of
different approaches were explored to create bound or quasi-bound states in graphene, including
the definition of n-p-n regions using local gates.8 Direct etching or oxidation of graphene was also
used to produce nano-ribbons9 or quantum dot like structures6,10 known to have unique transport
properties. Other approaches, including adatom deposition or ion bombardment through masks
have also been used to produce well-defined regions where the carriers experience strong confine-
ment.11 Whilst these diverse approaches to obtain carrier confinement are very successful they
are all system specific and, moreover, are inflexible in the sense that they require changes in the
fabrication processes in order to modify the confinement strength and geometry. In the present
manuscript, we demonstrate tuning of the local potential to optically gate the potential landscape
in graphene-hybrid systems via self-assembled monolayer, employing a switchable method.
The samples investigated were fabricated using an Au-surface functionalised with a mixed
self-assembled monolayer (mSAM), consisting of an azobenzene derivative (4-(1-mercapto-6-
hexyloxy)-azobenzene) and spacer-molecules (6-mercapto-1-hexanol) such as to prevent steric
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Figure 1: Samples and measurement configurations. a, Schematic representation of c-AFM measure-
ment on the graphene/mSAM/Au hybrid with the azobenzene molecule in trans (elongated form) and
cis (bent) configurations. b, Typical I-V characteristics in trans-configuration before illumination (blue
trace), in cis-configurations after switching with UV-light (red trace) and after switching back to the
trans-configuration (green trace) following white light illumination. c, Typical current topography over
a 200× 200 nm area at a fixed bias voltage of 10 mV with the mSAM in the trans-configuration. The red
spot indicate the position of the AFM-cantilever when the I-V was performed. The current compliance used
for all measurements was set to 20 nA.d, topographical image of b.
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hindrance of the photo-mediated molecular conformation switching. Further detail of the final
sample fabrication, graphene/mSAM/Au heterostructure, is reported in the supplementary infor-
mation (SI). Azobenzene molecules are known to be photochromic, being able to reversibly switch
their conformation from the thermodynamically stable trans-configuration to the metastable cis-
configuration upon illumination with UV light.12–14 This optically induced photo-isomerisation is
depicted schematically in Fig. 1a and results in a reduction of the length of the molecule from
1.90 nm to 1.45 nm and a significant change of the dipole moment.15,16 We performed contact
angle measurements to confirm that the mSAM molecular configuration is indeed fully switched
by illumination at 365 nm with a power density of 850 µWcm−2 for about 40 ± 10 minutes (see
SI - Fig. S2b). The complete switching back to trans-configuration was obtained illuminating the
sample with white light for about two hours.
Results obtained from two different classes of samples are investigated here; a reference sample
consisting of a mSAM on Au substrate without graphene (see SI - Fig. S4) and two different types
of active samples in which a monolayer of mechanically exfoliated graphene17 was positioned on
top of the mSAM to form the graphene/mSAM/Au hybrid. The only difference between the two
active samples is the use of two different substrates, i.e. the Au deposited on glass substrate and
the Au(111) deposited on mica substrate. The results using Au(111) are reported in the SI. In
the remainder of the paper we refer to these two types of samples as the reference (graphene/Au)
and active samples (graphene/mSAM/Au), respectively. The transport properties of all samples
and the topography of the local conductivity were characterized at room temperature in ambient
condition, using c-AFM in contact mode in three configurations; (i) before illumination, in which
the azobenzene layer is in the trans-configuration, (ii) after illumination with UV-light (365 nm
with 850 µWcm−2 for 30 mins) to induce a metastable switch of the molecular conformation to the
cis-configuration, and (iii) after photo-switching the mSAM back to the trans-configuration using
white light illumination for 40 min. C-AFM measurements were performed using a commercial
scanning probe microscope employing a Pt-Ir coated Si cantilever with a spring constant of 2 N/m.
Resonance frequency of the cantilever was approximately 70 kHz. The c-AFM measurements were
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executed in contact mode allowing measuring the current density through the metal tip to study the
transport properties of both the reference (Fig. S4 in SI) and active samples (Fig. 1-2) with the
mSAM in either the cis- and trans- configurations.
The reference sample (Fig.S4 in the SI) shows the expected behavior upon switching the molec-
ular conformation, that is, the current increasing by a factor of 10 when the mSAM is switched into
the cis configuration. This behavior is expected, arising from the reduction of the molecular length
and the subsequent lowering of the tunneling barrier length, as reported by other groups.18,19
Differently, in Fig.1b typical local I-V transport measurements performed on one of the active
sample are presented and characterized using the Au on glass as a substrate. Here, a dramatic
and reversible change of the conductivity upon switching the mSAM from the trans- to the cis-
configuration is in the red and blue traces. In strong contrast to the trans- configuration, in the
cis-configuration, pronounced peaks are observed in the I-V characteristics, with a typical voltage
gap between the peaks of δVgap ∼ 100± 20 meV. Such peaks in the local transport characteris-
tics are only observed in the active sample, and only when the mSAM is switched into the cis-
configuration, vanishing when the sample is switched back to the trans-configuration (see green
curve in Fig. 1b). Notably, the increase of current from trans- to cis-configuration is a factor of 100
stronger. The current map shown in Fig.1c and recorded at +10 mV (in the trans-configuration)
reveals terraces with rings of high current, delineating the grains of the underlying Au-electrode
when deposited on glass substrate (Fig.1d).
For the graphene/mSAM/Au sample, the peak to valley ratio of the current resonances observed
in the cis I-V characteristics was found to be dependent on the exact position of the Pt-Ir tip on
the surface. This is shown in Fig. 2a that compares several different I-V traces, plotted on a linear
scale and recorded at different locations on the sample surface, as indicated by the circles on the
current map image (Fig. 2b), and recorded after UV exposure. Pronounced current resonances
are observed in all the I-V characteristics in this cis-configuration with peak spacing of about 70
± 20 mV, superimposed on an approximately linear background, increasing with bias voltage.
Measurements were performed on different locations on the grains in the graphene/mSAM/Au-
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Figure 2: Current resonances. a, I-V characteristics measured on several positions of the sample. Colour
of the I-V traces corresponds to the position on the current map recorded at fixed bias of 10 mV when the
molecules are in cis-configuration, b. The switching of the molecules has been carried out by illuminating
the sample with 360 nm lamp over a 30 min time scan. c, Typical I-V traces recorded consecutively in
up-down sweeps over an entire 2 sec time. Each trace is vertically shifted for clarity; the arrow indicates
bias sweep direction. The resonance peaks are slightly shifted by few millivolts with respect to the previous
cycle.
glass hybrid, universally showing the presence of pronounced current oscillations only when the
mSAM is in the cis-configuration. It is worth to mention that the peak spacing dependence from the
tip localization demonstrate that our observation is only to be inferred to the graphene/mSAM/Au
hybrid and not to the graphene-single-molecule interaction. Note that the amplitude of the current
peaks is clipped to a maximum of 20 nA due to the current compliance of the amplifier used in
the c-AFM. Upon executing consecutive up and down voltage sweeps we observed weak, but clear
hysteretic effects as shown in Fig. 3c. Clear strong resonances are observed in the current, with
peaks being rigidly shifted by |∆V | ∼ 3− 12 mV between successive sweeps, with respect to the
previous trace. This observation is indicative of voltage induced fluctuations in the local potential
in the graphene/mSAM/Au hybrid multilayers.
To gain more insight into the modulation the graphene electronic landscape caused by photo-
switching of the mSAM, we performed Raman spectroscopy (Fig. 3). In particular, one can use
the Raman data as a finger print of the defect density (D-band), the in-plane carbon sp2 vibra-
tional mode (G-band) and stacking orders (2D-bands). It has also been demonstrated by several
groups21–23 that the frequency of the G and 2D Raman peaks, as well as their linewidth and the
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Figure 3: Raman spectroscopy on graphene/SiO2 and Graphene/Azobenzene/Au hybrid system. a,
Raman spectrum recorded from a pristine graphene on SiO2 (dark curve) when excited with 514.5 nm cw
laser. The top spectra refers to the graphene when transferred on mSAM on Au substrate. The blue and
green spectra refer to the case when the azobenzene molecules are in trans, while the red spectrum was
recorded just after 30 min of UV exposure, when the azobenzene molecules are in cis. The switching back
of the molecules was obtained by irradiating the sample with white light for 40 min.
ratio of their intensity (I2D/IG), are dependent on the position of the Fermi level relative to the
Dirac point.24
Figure 3 compares typical Raman data recorded from pristine graphene and from the graphene/
mSAM/Au hybrid with the mSAM switched into cis- and trans- configurations. Starting from
pristine graphene (black spectrum) the ratio I2D/IG which is usually above two is lowered to a
value 1 < I2D/IG < 2 for the graphene/mSAM/Au hybrid when the molecules are in trans (blue
spectrum) indicative of doping effect. Upon switching the mSAM to the cis-configuration (red
spectrum), the intensity ratio I2D/IG is even below one, indicative of a stronger shift of the Fermi
level from the Dirac point and significant interaction between the mSAM and the graphene layer
as suggested above. Finally, upon switching the mSAM back to trans-configuration, after illumi-
nation with white light for 90 min, we observe a near full recovery of the observed Raman signal
7
(green spectrum). The drop in I2D/IG recorded in cis suggests that the proximal mSAM results in
a shift or gating of the Fermi level induced by the azobenzene molecules already in trans and an
even stronger perturbation in cis-configuration. The shift of the Raman peaks provides evidence
of doping from the mSAM in trans-configuration, since both the G and 2D bands are blue-shifted
with respect to the reference sample by about 4–8 cm−1. It should be emphasized here the role
of the 2D peak and its suppression when the molecules are in cis-configurations. The 2D peak
is the overtone of the the D-peak and it is a peak that originates from a two scattering process
and therefore momentum conservation is always satisfied by two phonons; then no defects are re-
quired for their activation. From this we understand that a strong perturbation is required in order
to modify the 2D peak. Indeed, in presence of a high doping a dramatic change of the 2D peak
was reported showing a ratio I2D/IG that is alway below one for each excitation energy (see SI in
Ferrari et al.25). Even more conclusive is the attenuation of the 2D peak observed by Cancado et
al.26 when the point-like defects in graphene reach nanometric size. Therefore, there is strong ev-
idence toward the resonance oscillations measured in our system graphene/mSAM/Au originating
from quasi-bound states formed in localized regions formed in the graphene/mSAM system as the
Raman spectroscopy demonstrate.
In order to simulate the effect of local gating, the 2D Dirac equation with a potential per-
turbation was solved for a circular region. The circular region is an approximation of the areas
formed in the graphene/mSAM hybrid system. The potential perturbation can be described over a
finite-sized circular region, HV =Vϑ(R−r), whereV represents the potential strength of the gated
region, and ϑ is the Heaviside function determining the radius R of the region. Assuming the po-
tential to be smooth such that it does not cause intervalley scattering, one can treat the problem
at each Dirac point independently.27,28 The eigenvalue problem becomes h¯vF(σxpx+σypy)
→
ψ=
(E−Vϑ(R− r)) →ψ , where →ψ is a spinor in the pseudospin basis, and σ are Pauli matrices. The
cylindrical symmetry of the problem allows one to use a partial wave decomposition, so that the
phase shifts gained by each angular momentum channel during the scattering process are obtained
analytically. The phase shifts can be directly related to differential, total and transport cross sec-
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Figure 4: Shape resonances in a circular region. a, Map of total cross section, σTotal , for circular gated
region of radius R, as function of gate potential V and electron energy E in units of h¯vF/R (σTotal scaled
by k = ER/h¯vF ). Nearly periodic peaks in E at constant V are shape resonances with consecutive peaks
characterized by ∆E ' h¯vF/R. b, Line trace of total cross section as a function of ER/h¯vF ∝ VBias, for
VR/h¯vF = 22.1 with thermal broadening corresponding to room temperature (see SI). The peaks are nearly
equally spaced after the thermal broadening (nearly periodic resonances correspond to the white crosses in
panel a). c, Spatial amplitude map of a typical resonance at ER/h¯vF =−10.2 for VR/h¯vF = 22.1 (leftmost
white cross in panel a and leftmost peak in panel b), resonant peaks in the cross section result in spatial
amplitudes increasingly bounded to the perimeter of the circular gate region as |E| increases, similarly to
well-known whispering gallery modes.
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tions, which reveal different aspects of the scattering processes, including the formation of quasi-
bound states in the scattering region.
Figure 4 shows a characteristic local potential versus bias map of the total cross section for this
problem. High amplitude peaks in this map signal the presence of resonances in the scattering as
marked by the white crosses (atVR/h¯vF = 22.1), indicating the formation of periodic quasi-bound
states in the gated region with finite life time characterized by the width of the peak. Here, the
thermal broadening ' 25meV appears to be the dominant factor controlling the resonance line
widths (see SI), suggesting that the injected electrons propagate ballistically over the characteristic
length scales explored in our experiment. The appearance of such ‘shape resonances’ is a direct
consequence of interference effects of waves scattering on the potential profile. The quasi-bound
states can be seen as circulating inside the gated region, avoiding Klein tunneling for a finite time,
given their scattering from the potential boundary at non-normal angles of incidence(see Fig. 4b).
For high energies, the energy difference ∆E between two consecutive peaks allows us to determine
the characteristic size of the gated regions, as ∆E ' h¯vF/R (see SI). A resonance spacing of 100
meV, as seen in experiments, yields 7 nm for the size of the gated region induced by the cis-
azobenzene mSAM.29 Regions with other spacings, such as ∆E ' 70 meV in Fig. 2, yield a size
9.5 nm, reflecting the different potential landscapes defined by the azobenzene gating.
It is important to notice that an irregular geometry would result in shorter lifetimes for the
shape resonances, becoming increasingly short-lived at higher energies (bias), but that their equal
spacing in energy would remain in the high quantum index limit, corresponding to the semiclassical
regime.
Three explanations for the observed resonances in the quasi-bound state framework are sug-
gested. One is that the local electrostatic potential is patterned by the mSAM, whereby 6-mercapto-
1-hexanol can readily deprotonate, creating electrostatic traps. Azobenzenes embedded in the
mSAM when in cis-configuration would allow maximum interaction of the underlying 6-mercapto-
1-hexanol with the graphene and turn on the formation quasi-bound states. A second explanation
centers around the local electrostatic potential being tuned by work function changes induced by
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the mSAM.13,14 A third possibility, concerns the roughness of the substrate, where the quasi-bound
states would be dictated by terraces and step edges between grains, as observed in the current im-
ages in Figs. 1c,d. In this view, the cis-configurations will allow closer contact with the underlying
substrate causing the graphene to abruptly fold into morphological traps.
In summary, we have presented experimental evidence for the direct observation of resonance
oscillations in the current density of a graphene-mSAM-Au hybrid, formed by reversible switching
of the azobenzene molecules. The functionalization of the substrate underneath graphene enables
the reversible modification of the electrical and quantum properties of the Dirac fermions. Such
variation is obtained by using aromatic photochromic molecules that change their configuration
upon illumination with UV light. We demonstrate that when the molecules are in the cis config-
uration, the mSAM locally gates the nearby graphene layer, resulting in resonance oscillations of
the current density as recorded by c-AFM spectroscopy. This hybrid assembly allows for possi-
ble in situ modification of scattering potentials on graphene using a convenient method - simply
illuminating to change the conformation of the proximal mSAM in a controllable fashion.
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